United States. Approximately 100,000 tankers filled with Cl 2 travel on U.S. railways each year (14a) .
The accidental release of large amounts of Cl 2 in 30 large cities worldwide during the last 20 years (49) and the deliberate release of Cl 2 during acts of terrorism (37) caused significant mortality and morbidity to humans and animals (3, 10, 49, 64) . Cl 2 generated from the mixing of household products (bleach with acidic solutions) as well as swimming pool accidents results in bronchoconstriction especially in people with preexisting lung diseases (70, 74) . Clinical observations suggest that even casual exposure to Cl 2 exacerbates the clinical outcome of a number of pulmonary diseases including asthma and chronic obstructive pulmonary disease (14) . There were about 9,000 calls for Cl 2 -related injuries to US poison control centers each year from 2000 to 2005 (5) . For these reasons, facilities producing Cl 2 are considered by the Department of Homeland Security to be at high risk with respect to a terrorist attack, with an estimated 17,500 deaths, 100,000 hospitalizations, and damages of millions of dollars if such an attack were to occur (30a) .
Cl 2 is a highly reactive oxidant gas with a high solubility in water. When inhaled, Cl 2 reacts with the epithelial lung lining fluid (ELF) to form hypochlorous acid (HOCl) and hydrochloric acid (HCl). HCl is rapidly neutralized by NaHCO 3 Ϫ , leading to the formation of NaCl, H 2 O, and CO 2 . However, HOCl is a highly active oxidant that reacts with proteins and structural molecules of the cell matrix such as hyaluronan (HA). HA, a component of the lung extracellular matrix, is a high-molecular-weight polymer (Ͼ1,000 kDa) composed of D-N-acetylglucosamine and D-glucuronic acids. Inhalation of oxidant gases, such as ozone, breaks high-molecular-weight HA to produce low-molecular-weight HA fragments (L-HA, 100 -300 kDa). These fragments initiate a series of proinflammatory events by binding to their main receptor (CD44), as well as to Toll-like receptor 4 (TLR4) of lung epithelial, inflammatory, and airway smooth muscle cells (ASMC) (22, 36) . Binding of L-HA to CD44 is enhanced by inter-␣-trypsininhibitor (I␣I), a serum protein (8, 50 ) the bronchoalveolar lavage fluid (BALF) concentration of which increases considerably in inflammatory conditions (22, 43) .
Increased airway resistance and airway hyperresponsiveness (AHR) are important pathological events of oxidative lung injury in general and Cl 2 toxicity in particular and result in persistent asthmalike symptoms and exacerbation of allergic airway inflammation (2, 51, 67) , which may progress to lung fibrosis (54, 55) . The transient receptor potential family A1 (TRPA1) channels, present in sensory airway neurons, play an important role in the development of AHR in response to low (Ͻ50 ppm) concentrations of Cl 2 (6) . However, the mechanisms responsible for Cl 2 -induced AHR (when inhaled at concentrations likely to be encountered near industrial accidents) have not been investigated adequately.
Herein we tested the hypothesis that L-HA, generated by the action of Cl 2 , HOCl, and other secondary reactive intermediates on high-molecular-weight HA (H-HA), is necessary and sufficient for the development of AHR in mice exposed to sublethal concentrations of Cl 2 (400 ppm for 30 min). In the first series of experiments, we showed that L-HA and I␣I BALF levels are increased after Cl 2 exposure, and that therapeutic intratracheal administration of H-HA or an antibody against I␣I after Cl 2 exposure diminishes the extent of AHR at 24 h postexposure. In the next series of experiments, we measured the mechanisms involved in the increase of AHR. Since membrane depolarization has been linked to increased airway contraction (33), we measured membrane potential (V M ) as well as intracellular Ca 2ϩ levels in human airway smooth muscle (HASM) cells after in vitro exposure to Cl 2 . Our results show that exposure of HASM cells to Cl 2 leads to depolarization, increased intracellular Ca 2ϩ , and activation of RhoA. Similar effects are seen following exposure of HASM cells to L-HA, generated by exposing H-HA to Cl 2 . H-HA and the anti-I␣I antibody ameliorates Cl 2 and L-HA effects on RhoA. A particular novel aspect of our studies is the demonstration that the Cl 2 -induced membrane depolarization was caused in part by the activation of TMEM16A, a Ca 2ϩ -activated Cl Ϫ channel present in HASM cells (17) .
MATERIALS AND METHODS
Animals. Eight-week-old C57BL/6 mice (20 -25 g body wt) were purchased from Charles River Laboratories (Wilmington, MA). All experimental procedures involving animals were approved by the University of Alabama at Birmingham (UAB) Institutional Animal Care and Use Committee (IACUC).
Exposure to Cl 2. Mice were exposed to Cl2 gas (400 ppm) for 30 min in a cylindrical glass chamber for 30 min as previously described (23, 78) ; control mice were exposed to air in the same experimental conditions as Cl 2. The mice were then returned to room air and euthanized at 1, 6, or 24 h postexposure.
H-HA and L-HA measurements in lungs. HA measurements in cell-free BALF were done by using a commercial ELISA kit (Echelon, San Jose, CA) as per manufacturer's instructions (43, 47) . To verify the presence of L-HA, concentrated and DNase/protease-pretreated BALF was run on 1% agarose (Lonza; Rockland, ME) gels, along with commercially available H-HA (Yabro; generous donation of IBSA Institut Biochimique; ϳ1,000 kDa), sonicated H-HA (Fisher Scientific with model CL-18 probe; amplitude 20%, duration 30 s followed by 1 min in ice; ϫ3), Cl 2-exposed H-HA (1.5 mg/ml Yabro; 400 ppm Cl2 for 30 min), and HA ladders, as previously described (21, 22) . In some cases, 0.5 ml of BALF from mice exposed to Cl2 and returned to room air for 24 h were treated with hyaluronidase (10 U/ml; Sigma Aldrich, St. Louis, MO) overnight at 37°C prior to agarose gel electrophoresis.
Respiratory system mechanics. Mice were mechanically ventilated and challenged with increasing concentrations of methacholine as described previously (2, 23, 67) . Briefly, air and Cl 2-exposed mice were anesthetized with pentobarbital (50 mg/kg ip; Vortech Pharmaceuticals, Dearborn, MI), paralyzed with pancuronium (4 mg/kg ip; Gensia Sicor Pharmaceuticals, Irvine, CA), intubated, connected to an FX-1 module of the flexiVent (SCIREQ, Montreal, PQ, Canada), and ventilated at a rate of 160 breaths per minute at a tidal volume of 0.2 ml with a positive end-expiratory pressure of 3 cmH 2O. Total as well as Newtonian respiratory system resistance and elastance were recorded continuously as previously described (29) . Baseline was set via deep inhalation. Increasing concentrations of methacholine chloride (0 -40 mg/ml, Sigma-Aldrich) were administered via aerosolization within an administration time of 10 s. Airway responsiveness was recorded every 15 s for 3 min after each aerosol challenge. Broadband perturbation was used and impedance was analyzed via a constant phase model. Assessments of Newtonian vs. total respiratory resistances allow us to differentiate the contribution of the central vs. peripheral airways in the observed increase of total lung resistance. In some experiments, Yabro (aerosolized sodium hyaluronate; IBSA Institut Biochimique; a type of H-HA with molecular mass ϳ1,000 kDa) was administered in the external nares (50 l each of 3 mg/ml) of anesthetized mice at 1 and 23 h post-Cl 2 (400 ppm for 30 min) exposure. These experiments were repeated with Cl 2 (400 ppm for 30 min)-exposed Yabro, stored at Ϫ4°C for 24 h. Finally, in another group of animals, we instilled at the same times 50 l of monoclonal mouse anti-human I␣I antibody (generously donated by Yow-Pin Lim, Brown University; 0.5 mg/ml), or an equivalent amount of mouse IgG (Sigma Aldrich). All mice were euthanized at 24 h postexposure.
HASM cell culture. HASM cells were immortalized by Dr. Gerthoffer (24) and were cultured as described by Gallos et al. (19) . In brief, cells were cultured in SmBM-2 media supplemented with 10% serum and antibiotics (1% penicillin and streptomycin; Atlanta Biologicals, Atlanta, GA). Subsequently, they were plated on T25 flasks and allowed to grow to confluence. Twenty-four hours prior to exposure, cells were lifted from the flasks using trypsin-EDTA (Atlanta Biologicals; Atlanta, GA) and then seeded in six-well plates coated with collagen (0.1 mg/ml; Sigma Aldrich) at 5 ϫ 10 4 cells/cm 2 and incubated overnight at 37°C in humidified atmosphere of 95% air 5% CO2. The next day, the culture medium was replaced with 2 ml of Lactated Ringer's containing antioxidants (ascorbate, urate, and reduced glutathione in concentrations present in the rodent epithelial lining fluid) along with 25 mM HCO3 Ϫ (42), and exposed to Cl2 (100 ppm chlorine, for 10 min) in 5% CO2, and 95% air. The CO2/ bicarbonate buffer system neutralized HOCl and HCl generated by the hydrolysis of Cl2 and maintained pH at 7.4. Immediately post-Cl2 exposure, cells were lifted from the plates by use of collagenase (1 mg/ml; Sigma Aldrich), seeded onto coverslips in culture medium, and placed in a humidified incubator at 37°C vented with 95% air-5% CO2 for 1 h.
Measurement of Vm. At 1 h postexposure, HASM cells seeded on coverslips were transferred to a recording chamber on the stage of an inverted microscope (Olympus IMT2) and perfused at a rate of 1 ml/min with a solution containing (in mM) 135 NaCl, 5.4 KCl, 1 MgCl2, 1.8 CaCl2, 5.5 glucose, 10 HEPES, pH 7.4 (following addition of 1 N NaOH) at room temperature. Vm was measured with a Molecular Devices amplifier (Sunnyvale, CA; Axopatch 200B) in fast current-clamp conditions. The procedure consists of establishing a stable gigaseal (10 -20 G⍀) between a glass pipette and the cell membrane, followed by rupture of the membrane patch under the pipette. Vm values were read on the digital display of the patch amplifier and simultaneously recorded and stored on a hard drive of a computer equipped with pClamp software (Molecular Devices) (44) . The pipette resistance varied from 2 to 3 M⍀ when filled with a solution containing (in mM) 135 KCl, 10 NaCl, 2 MgCl2, 10 glucose, 0.1 EGTA, 0.2 Na2ATP, 10 HEPES, pH 7.2 (1 N KOH). The data was digitized with a Digidata 1322A low-noise digitizer (Molecular Devices) connected to a computer equipped with pClamp software (Molecular Devices). Inhibitors were added into the perfusion solution as described in RESULTS, with the exception of measurement to assess the involvement of RhoA. In this case, HASM cells were preincubated with a RhoA (Rho inhibitor I, 1 g/ml; Cytoskeleton, Denver, CO) or ROCK inhibitor (Y-27632, 10 M; Cytoskeleton) for 4 and 1 h, respectively, prior to being exposed to Cl 2. During exposure, the medium was changed as described above without inhibitors. Measurements of TMEM16A Cl Ϫ activity in HASM cells: current-voltage (I-V) relationships of Cl Ϫ channels of air or Cl2-exposed HASM cells were recorded in the whole cell mode of the patch-clamp technique as described recently (79) . During the experiments, cells were perfused at a rate of 1 ml/min with an external solution of the following ionic composition (in mM): 145 CsCl, 2 MgCl 2, 2 CaCl2, 5.5 glucose, 10 HEPES, pH 7.4 (1 N CsOH). The pipette resistance used for whole cell recording ranged from 3 to 5 M⍀ when filled with the following solution (in mM): 135 CsCl, 10 KCl, 2 MgCl 2, 0.1 EGTA, 5.5 glucose, 10 HEPES, pH 7.2 (1 N CsOH). All measurements were performed at room temperature. Cells were perfused continuously with the external solution until formation of a gigaseal between the pipette and cell surface. Following recordings of I-V relationships, inhibitors of TMEM16A [tannic acid, 100 M; 5-nitro-2-(3-phenylpropylamino) benzoic acid (NPPB), 100 M; niflumic acid, 100 M] were added into the perfusing solution. In another set of experiments, cells were incubated with an anti-TMEM16A antibody (ab53213; Abcam, Cambridge, MA) at 1:5 dilution after Cl 2 exposure until measurement of I-V relationships (about 1-2 h).
RhoA activity and protein levels. Total RhoA and activated RhoA in HASM cells prior to and immediately following exposure (100 ppm Cl2 for 10 min) were measured by ELISA and G-LISA (Cytoskeleton), respectively, according to the manufacturer's specifications. G-LISA values were divided by their corresponding ELISA values and results were expressed as fold increase compared with the air values. Human primary bronchial smooth muscle cells (Lonza) were cultured in Smooth Muscle Growth Medium (Lonza) and grown to 80 -90% confluence on 100-mm tissue culture dishes. Cells were switched to Smooth Muscle Basal Medium (Lonza) for 4 h prior to the RhoA activation. Cells were incubated without and with the addition of L-HA (0.25 mg/ml or 0.5 mg/ml), H-HA (0.25 mg/ml or 0.5 mg/ml), both L-HA (0.25 mg/ml) and H-HA (0.25 mg/ml), IgG (0.1 mg/ml) with and without L-HA (0.5 mg/ml), or anti-I␣I antibody (0.1 mg/ml, graciously donated by Yow-Pin Lim, Brown University) with or without L-HA (0.5 mg/ml) for 5 min. Cells were harvested on ice in G-LISA lysis buffer with protease inhibitors and snap frozen in liquid nitrogen until analyzed.
Measurements of intracellular Ca 2ϩ levels. HASM cells were plated on 25-cm coverslips in six-well plates, exposed to Cl2, and returned to 95% air-5% CO2 as described above. Changes in cytosolic Ca 2ϩ levels were determined by using fura 2-acetoxymethyl ester (fura-2 AM; TEFLabs, Austin, TX) as described previously (17) . In brief, cells were incubated with 8 g dye/2 ml for 20 min in HBSS buffer (1.8 mM Ca 2ϩ , 25 mM HEPES, pH 7.4). The buffer was replaced with 2 ml fresh HBSS without fura-2 AM for an additional 20 min. Cells were then transferred to an Attofluor with 2 ml fresh HBSS. After establishment of baseline Ca 2ϩ levels, thapsigargin (1 M) or histamine (10 M) was added to the buffer to activate store-operated Ca 2ϩ entry. Data were acquired by using Nikon Elements software and a Nikon Ti80e microscope fitted with a ϫ40 oil immersion objective.
Contractility of tracheal rings. C57BL/6 were exposed to Cl2 (400 ppm for 30 min) in environmental chambers and returned to room air. Twenty-four hours later, their tracheas were removed, stored in cold (4°C) cell culture medium (serum-free SmBM-2), packed in wet ice, and shipped to Dr. Emala (Columbia University) for study the following day. Connective tissue was removed and one-half of each trachea was mounted on a myograph bath (DMT, Ann Arbor, MI) and held at a resting tension of 5 mN as described previously (72) . The bath buffer consisted of (in mM) 115 NaCl, 2.5 KCl, 1.91 CaCl2, 2.46 MgSO4, 1.38 NaH2PO4, 25 NaHCO3, and 5.56 D-glucose, pH 7.4, and was continuously bubbled with 95% O2-5% CO2 and maintained at 37°C. Following an equilibration period, increasing concentrations of acetylcholine (100 nM-1 mM) were added in the bath at 7-min intervals. Three cycles of acetylcholine dose-response curves were performed in each ring (with extensive buffer exchanges between cycles) to determine the acetylcholine EC 50. In relaxation studies, tracheal rings were contracted to the determined approximate EC50, and force was allowed to plateau. Increasing concentrations of isoproterenol (0.1 nM-10 M in ½ log increments) were added at 7-min intervals. Following copious amounts of washing with buffer and a return to baseline tension, tissues were exposed to 80 mM KCl to determine each ring's maximal contractile response to this depolarizing stimulus (11, 18) . Other tracheal rings were harvested from naive C57Bl/6J mice, exposed for 30 min to L-HA (0.15 mg/ml), and studied as above. In additional experiments, we obtained tracheal rings from mice lacking the CD44 receptor (CD44 Ϫ/Ϫ ; one of the main receptors of HA) and incubated the rings with L-HA (0.15 mg/ml) and then we exposed the rings in organ baths to increasing concentrations of methacholine (0.013 to 3.333 M).
HABP and ␣-SMA staining in chlorine gas or air exposed mouse lungs. Formalin-fixed, paraffin-embedded lung sections were deparaffinized in xylene followed by rehydration to TBST in graded ethanol. Endogenous peroxidases were blocked in 3% aqueous hydrogen peroxide, and then tissues were subjected to antigen retrieval in a pressure cooker (Biocare Medical, Concord, CA) in 1ϫ decloaking solution (Biocare). Tissues were incubated in blocking diluent (1% BSA, 10% normal donkey serum in TBST) followed by incubation with biotinylated hyaluronic acid binding protein (HABP) at 1:10 (Millipore, Billerica, MA) and rabbit anti-␣-smooth muscle actin (␣-SMA) (1:500; Abcam) for 1 h at room temperature. Secondary antibodies were Alexa Fluor 488 streptavidin 5-nm colloidal gold conjugate (1:50, for HABP) and Alexa Fluor donkey anti-rabbit-594 at 1:500 for ␣-SMA (Millipore). After a washing in PBS, coverslips were affixed with Prolong Gold antifade reagent and DAPI (Millipore) and fluorescence was assessed on an Olympus BX51 microscope (Melville, NY). Images were captured with a ProgRes CF scan digital camera (Jenoptic; Jena, Germany).
Quantitative RT-PCR. RNA was isolated by using RNeasy (Qiagen, Valencia, CA) as per manufacturer's protocol. RNA (200 ng) was converted into cDNA as per manufacturer's protocol by using a High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA). Expression levels of HA synthase 1, 2, 3 and hyaluronidases 1, 2, 3 were quantified by SYBR Green (Applied Biosystems). Samples in triplicate were assayed on the Applied Biosystems StepOnePlus system and quantified for ⌬Ct by using the housekeeping gene 18s. Fold change was determined by using the average value of air-exposed lung samples as reference control. Primers used are as follows: 18s, forward primer CGG CTA CCA CAT CCA AGG AA, reverse primer GCT GGA ATT ACC GCG GCT; HAS1, forward primer GCCCTCCTCCTTCCTTCGT, reverse primer GTATAGCCACTCTCGGAAGTAAGATT; HAS2, forward primer TCATGGGTAACCAATGCAGTTTT, reverse primer TT-TAGTTGCATAGCCCAGACTCAA; HAS3, forward primer CCTATGA-ATCAGTGGTCACAGGTTT, reverse primer TGCGGCCACGG-TAGAAAA; hyal1, forward primer TGT GGC TAT AGT TTC CAG AGA CC, reverse primer TGAATTCAGTGTGTGCAGTTGGGT; hyal2, forward primer ACA TAC ACC CGA GGA CTC ACG G, reverse primer TGAATTCCTTGCACCAGAGGCCAG; hyal3, forward primer GCT CTC TTC CCT AGC ATC TAC C, reverse primer TCA GGG TTT AGG CTC CAG GCA G.
Statistics. Data are presented as means Ϯ 1 SE; statistical analysis among means was performed with analysis of variance (ANOVA; one-or two-way) followed by the Tukey's multigroup comparisons. Results were considered significant when P Ͻ 0.05. returned to room air for up to 24 h. As shown in Fig. 1A , concentrations of HA and its binding partner I␣I in the BALF increased after exposure to Cl 2 . Agarose gel electrophoresis of Yabro (H-HA) showed the presence of a smear with a preponderance around 1,000 kDa (Fig. 1B) ; sonicated HA or HA exposed to Cl 2 (Cl 2 -HA; 400 ppm for 30 min) had considerably lower molecular weights (Ͻ300 kDa), indicating that both processes fragmented H-HA, generating L-HA fragments (Fig.  1B) . Agarose gel electrophoresis of concentrated BALF of Cl 2 (400 ppm for 30 min)-exposed mice showed the presence of very low (Ͻ30 kDa) bands at 30 min postexposure (Fig. 1C) ; at 6 h postexposure, a continuous smear between 300 and 30 kDa was seen, the intensity of which increased at 24 h postexposure; no bands were observed if the 24-h BALF was treated with hyaluronidase, suggesting that L-HA was accounting for the observed staining (Fig. 1C) . The increase in L-HA levels coincided with a significant increase in expression of HA synthases (HAS1, 3-fold at 6 and 24 h; HAS2 8-fold at 6 and 24 h; HAS3, 1.5-fold at 6 h, and 1.8-fold at 24 h) as well as hyaluronidases (hyal1, 11-fold at 6 h and 26-fold at 24 h; hyal2, 2-fold at 2 h and 5-fold at 24 h; hyal3, 3.5-fold at 6 h and 4.8-fold at 24 h). There was also an increase in HA staining in the peribronchial space (Fig. 1, D-F) . These data show convincingly the presence of L-HA in the BALF of Cl 2 -exposed mice and that its concentration increases postexposure.
AHR in Cl 2 -exposed mice was abrogated by instillation of H-HA or an antibody against I␣I.
In agreement with our previous observations (2, 67), we detected a significant increase in total and Newtonian airway resistances and development of AHR to methacholine in mice exposed to Cl 2 (400 ppm for 30 min) and returned to air for 24 h (Fig. 2, A-D ). Intranasal instillation of either H-HA or a blocking antibody against I␣I at 1 and 23 h postexposure significantly abrogated AHR at 24 h postexposure (Fig. 2, A-D) . Conversely, instillation of Cl 2 -exposed H-HA (Cl 2 -HA; which fragmented H-HA) but not H-HA into the external nares of air-breathing mice resulted in hyperresponsiveness to methacholine (Fig. 2E) . These data indicate that L-HA contributes, at least in part, to Cl 2 induced AHR.
Exposure of HASM cells to Cl 2 or L-HA results in resting membrane potential depolarization. As shown in Fig. 3A , control (air exposed cells) had a V m of about Ϫ60 mV; at 1 h post-Cl 2 exposure, V m was depolarized from Ϫ60 to about Ϫ35 mV. Incubation of HASM cells with BAPTA-AM (200 M) for 1 h immediately postexposure, or perfusion with lanthanum (LaCl 3 ; 10 M; a general cation channel inhibitor; Fig. 3, A and B) , starting at 1 h postexposure, returned membrane potentials to baseline values (Fig. 3, A and B) . On the other hand, perfusion with nifedipine (10 M; a blocker of L-type Ca 2ϩ channels) had no effect on V m (Fig. 3A) . Finally, incubation of HASM cells with KB-R7943 (5 M), a TRPC inhibitor (38) , starting at 1 h postexposure, reversed to some extent the membrane depolarization (Fig. 3C ). These data indicate that Ca 2ϩ influx through TRPC channels may be responsible, at least in part, for the Cl 2 -induced membrane depolarization.
Exposure of ASMC to Cl 2 or L-HA activates RhoA, which contributes to membrane depolarization. Activation of RhoA contributes to the development of AHR and airway smooth muscle contractility, and inhibition of RhoA or Rho kinase ameliorates asthmatic AHR (9, 25, 39) . We thus sought to determine whether chlorine gas exposure or L-HA could lead to RhoA activation in HASM. As shown in Fig. 4 , A-C, exposure of HASM cells to L-HA or Cl 2 activated RhoA and this was reversed by addition of H-HA or by pretreatment with an antibody against I␣I. We then tested whether activation of RhoA (as well as ROCK, its downstream kinase) contributed to membrane depolarization. Preincubation of HASM cells with a RhoA (Rho inhibitor I, 1 g/ml) or a ROCK inhibitor (Y-27632, 10 M) reduced Cl 2 -induced membrane depolarization significantly (Fig. 4D) . Perfusion of HASM cells with H-HA post-Cl 2 exposure reversed the Cl 2 -induced membrane depolarization, to the same extent as inhibition of RhoA or ROCK (Fig. 4E) . In addition, incubation of HASM cells with Cl 2 -exposed H-HA (Cl 2 -HA; 1.5 g/ml for 60 min) resulted in membrane depolarization of similar magnitude as following A and B) . On the other hand, perfusion with nifedipine (Nif.; 10 M; a blocker of L-type Ca 2ϩ channels) had no effect on VM (Fig. 3A) . Values are means Ϯ SE; number of measurements as follows: air ϭ 19; Cl2 ϭ 8; BAPTA-AM ϭ 8; La 2ϩ ϭ 8; Nif. ϭ 20. *P Ͻ 0.05 compared with air (ANOVA and Tukey-Kramer multiple-comparisons test). C: as in A, except that Cl2-exposed HASM cells were incubated with KB-R7943, a TRPC inhibitor (inh.), starting shortly postexposure. Values are means Ϯ SE; n ϭ 10 for each group. *,#P Ͻ 0.05 compared with air or Cl2 vehicle (Veh) (ANOVA and Tukey-Kramer multiple-comparisons test). exposure to Cl 2 (Fig. 4C) . Subsequent perfusion with H-HA (1.5 g/ml for 10 min) reversed the depolarization induced by Cl 2 -HA. Incubation with H-HA or anti-I␣I antibody also reversed the L-HA-induced RhoA activation (Fig. 4, B and C) . These data suggest that L-HA, generated during Cl 2 exposure, contributes to the observed cell membrane depolarization and that H-HA reverses Cl 2 -induced depolarization. 2ϩ . Changes in HASM cell cytosolic Ca 2ϩ prior to and at 1 h post-Cl 2 exposures were determined by use of fura-2 AM. After establishment of baseline Ca 2ϩ levels, intracellular Ca 2ϩ was increased through direct stimulation of store-operated channels (SOC) using histamine (10 M), which activates membrane Gq coupled receptors resulting in IP3-mediated endoplasmic reticulum (ER) Ca 2ϩ depletion and SOC activation, or through indirect stimulation of SOC using thapsigargin (1 M), which stimulates external Ca 2ϩ influx by blocking sarco/endoplasmic reticulum calcium ATPase refilling of the ER. As shown in Fig. 5, A and B, there were significant increases of baseline as well as thapsigargin-and histamineinduced Ca 2ϩ levels at 1 h post-Cl 2 exposure. Since we have shown that H-HA reversed the Cl 2 -induced membrane depolarization while Cl 2 -exposed H-HA (which is fragmented to L-HA) had the opposite effect, we evaluated the effects of these HA forms on cytosolic Ca 2ϩ . Figure 5C shows that post-Cl 2 exposure perfusion of HASM cells with H-HA reversed the Cl 2 -induced increase of cytosolic Ca 2ϩ . Conversely, incubation of air-exposed HASM cells with Cl 2 -HA (Fig. 5D) Fig. 6 , when cells were patched in the whole cell mode by using CsCl 2 in the pipette to suppress the activity of K ϩ channels, an inwardly rectified anion channel was observed that was inhibited following per- Fig. 4 . Exposure of HASM cells to Cl2 activates RhoA, which contributes to membrane depolarization. A: HASM cells were exposed to Cl2 and returned to 95% air-5% CO2. Immediately upon return to room air RhoA activity and protein, levels were measured by G-LISA/ELISA as mentioned in METHODS. For each experiment active RhoA (measured by G-LISA) was divided by total RhoA for the same experiment measured by ELISA. Then the ratio of RhoA active to total RhoA for post-Cl2 was divided by the corresponding air control ratio for the same experiment (fold increase). Values are means Ϯ SE; n ϭ 4; *P Ͻ 0.01; Student's t-test. B and C: HASM cells were exposed to different concentrations of L-HA with either H-HA, IgG or anti-I␣I antibody for 5 min as described in the METHODS section, and RhoA activation was measured as above. Values are means Ϯ SD; n ϭ 3-4; *P Ͻ 0.01; Student's t-test. D: HASM cells were exposed to Cl2 (100 ppm for 10 min) and placed in a humidified incubator in 95% air-5% CO2 for 60 min for 1 h. Preincubation of HASM cells with a RhoA (Rho inhibitor I, 1 g/ml) or a ROCK inhibitor (Y-27632, 10 M) significantly reduced Cl2-induced membrane depolarization. Perfusion of HASM cells with H-HA (Yabro; 3 mg/ml for 10 min post-Cl2 exposure) reversed the Cl2-induced membrane depolarization, to the same extent as inhibition of RhoA and ROCK. Values are means Ϯ SE; number of measurements as follows: air: n ϭ 17; Cl2 ϭ 20; RhoA inh. ϭ 10; ROCK inh. ϭ 10; H-HA ϭ 23. *P Ͻ 0.05 compared with air (ANOVA and Tukey-Kramer multiple-comparisons test). E: incubation of 95% air-5% CO2-exposed HASM cells with Cl2-exposed H-HA (Cl2-HA; 1.5 g/ml for 60 min), which fragments H-HA resulted in membrane depolarization of similar magnitude as following exposure to Cl2. Subsequent perfusion with H-HA (1.5 g/ml for 10 min) reversed the depolarization. Values are means Ϯ SE; n ϭ 16 for each group; *,#P Ͻ 0.05 compared with air or Cl2-HA perfused with vehicle. ANOVA and Tukey-Kramer multiple-comparisons test. fusion with tannic acid, an inhibitor of TMEM16A (Fig. 6, A  and B) , or when cells were preincubated with an anti-TMEM16A antibody (Fig. 6C) . Inward currents increased significantly at 1 h post-Cl 2 exposure without affecting the reversal potential (Fig. 6, B and C) . Furthermore, addition of tannic acid in the medium bathing ASMC post-Cl 2 exposure reversed to some extent (but not completely) the Cl 2 -induced depolarization (Fig. 6D) . These data indicate that activation of TMEM16A by an increase in intracellular Ca 2ϩ contributes to the Cl 2 -induced membrane depolarization.
Exposure of HASM cells to Cl 2 or Cl 2 -HA increases intracellular Ca
Exposure of mice to Cl 2 increases the contractility of tracheal rings. Mice were exposed to either air or 400 ppm Cl 2 for 30 min; 24 h later, their tracheas were removed and mounted in a myograph bath, and various concentrations of acetylcholine (100 nM-1 mM) were added in the bath at 7-min intervals to determine the acetylcholine EC 50 (Fig. 7A) . As seen in Fig. 7B , tracheal rings from Cl 2 -exposed mice exhibited significantly higher tension when challenged with acetylcholine (a muscarinic receptor agonist) or KCl, which induces membrane depolarization and contraction primarily though plasma membrane channel opening and entry of extracellular Ca 2ϩ . The contractile force induced by acetylcholine was divided by the force induced by KCl depolarization and no significant difference was detected, suggesting that tracheal rings from Cl 2 -exposed mice demonstrate nonspecific hypercontractility (data not shown).
After demonstrating nonspecific enhanced contractility in tracheal rings from Cl 2 gas-exposed mice, we questioned whether ␤ 2 -agonist-mediated relaxation was different following Cl 2 gas exposure. There was no difference in the potency of isoproterenol in relaxing an acetylcholine-established contraction in Cl 2 gas-exposed vs. control mouse tracheal rings (Fig. 7C) . This finding agrees with our previous data showing significant amelioration of Cl 2 -induced hyperresponsiveness to methacholine following administration of long-term ␤ 2 -agonists (67) . Interestingly, we show nearly identical results with naive tracheal rings that were then exposed to L-HA (Fig. 7D) , suggesting that L-HA accounts for the observed Cl 2 -induced effect. In additional experiments, we obtained tracheal rings from mice lacking the CD44 receptor, one of the main receptors of HA, and incubated them with L-HA as above and then with methacholine (3.33 M). As shown in Fig. 8 , in contrast to tracheal rings from wild-type mice, which show a large increase in muscle tension when challenged with L-HA and methacholine, tracheal rings from CD44 Ϫ/Ϫ mice did not respond to L-HA with hyperresponsiveness to methacholine. levels (as reflected by measurements of the ratio of 340/380 nm, which is the ratio of Ca 2ϩ -bound Fura dye to Ca 2ϩ -unbound dye) in HASM cells exposed to either 95% air-5% CO2 (Control), or Cl2 (100 ppm for 10 min followed by 1 h in 95% air-5% CO2), Tg (1 M), or histamine (His.; 10 M). Individual points and means Ϯ SE for each group are shown in the graph. Statistical significance among groups was assessed by ANOVA and Tukey-Kramer multiple-comparisons test. C: HASM cells were exposed to Cl2 and returned to 95% air-5% CO2. Perfusion with Yabro (3 mg/ml for 10 min) had no effect on basal Ca 2ϩ levels, but reduced Ca 2ϩ in Cl2-treated cells to baseline levels. Values are means Ϯ SE; n ϭ 6. *,#P Ͻ 0.05 compared with air or 1 h post-Cl2 (ANOVA and Tukey-Kramer multiple-comparisons test). D: incubation of 95% air-5% CO2-exposed HASM cells with Cl2-exposed H-HA (Cl2-HA; 1.5 g/ml for 60 min), which fragments H-HA, increased Ca 2ϩ to the same extent as exposure to Cl2. Values are means Ϯ SE; n ϭ 6. *P Ͻ 0.05 compared with vehicle (Student's t-test).
DISCUSSION
Oxidative airway injury occurs after a multitude of environmental exposures, such as infection, pollution, or accidental exposure to halogens. Cl 2 is a very reactive gas and poses a significant threat to public health when released into the atmosphere in large quantities during transportation and industrial accidents as well as acts of terrorism. We have previously shown that AHR in response to another oxidative pollutant, ozone, is mediated through L-HA (21, 22) . We now expand this concept to include Cl 2 gas injury. Furthermore, we show that postexposure administration of H-HA or a blocking antibody against I␣I reduce Cl 2 -induced AHR via inhibition of RhoA activation and intracellular Ca 2ϩ in HASM. There are of course significant differences between Cl 2 and ozone gas toxicity, with respect to acute symptoms, airway penetration, and sequelae (70, 73) . Nevertheless, both agents cause significant oxidative injury to airway epithelium and increase airway resistance and hyperresponsiveness to methacholine, which last for days postexposure (2, 15, 21, 23, 30, 60, 65, 67) ; furthermore, workers exposed to ozone or chlorine both report a significant increase in acute wheezing episodes (27) . In both cases there is increased generation of reactive intermediates, which lasts after the cessation of exposure. For example, we have previously shown the presence of reactive intermediates in lung epithelial cells exposed to Cl 2 and returned to room air using electron spin resonance and redox sensitive dyes (42) . Increased levels of reactive intermediates were also documented in the lungs of mice and rats exposed to Cl 2 and returned to room air by measuring levels of isoprostanes (75) and products of lipid peroxidation (77) . Postexposure administration of antioxidant decreased mortality (77) and decreased airway hypersensitivity (15) . Ozone also generates a variety of reactive intermediates and lipid ozonation products (61, 62) ; both Cl 2 and ozone lead to intense inflammatory response and migration of activated inflammatory cells into the lung vascular and alveolar spaces (23, 32) and subsequent generation of reactive intermediates, which may fracture H-HA. We hereby propose that both exposures, and similar severe oxidative injury, share the same mechanism of induction of AHR by perturbing HA homeostasis from predominantly H-HA to L-HA species.
Increased concentrations of L-HA have been found in a number of lung diseases, such as asthma, chronic obstructive pulmonary disease, and pulmonary fibrosis. L-HA is both necessary and sufficient for the development of AHR after exposure to ozone (21, 22) , ischemia-reperfusion (13) , which also leads to oxidative stress, and various other forms of injury. L-HA increases vascular permeability by activating RhoA and ROCK (its downstream kinase), inducing cytoskeletal reorganization, and inhibiting cell-cell contacts (45). On the contrary, H-HA protects from lung injury in ozone exposure (21) , bleomycin administration (35) , smoke inhalation, and sepsis (31, 48) as well as Cl 2 -induced injury, as we show in this work. This allows us to generalize the concept of oxidative stressinduced AHR. We postulate that highly reactive oxidative species lead to oxidative breakdown of structural HA (directly and indirectly) and release of L-HA, which in sequence mediates the generation of AHR via activation of RhoA, increase of pMLC, and cytoplasmic Ca 2ϩ release in ASMC (Fig. 9) . Oxidative species and L-HA activate Ca 2ϩ channels (such as TRPC) and increase Ca 2ϩ influx from the extracellular milieu to the cytoplasm, facilitating the release of Ca 2ϩ from intracellular stores (53) . Increased intracellular Ca 2ϩ depolarizes the plasma membrane in part by activation of the Ca 2ϩ -activated chloride channel TMEM16A and activates RhoA (34), which plays a critical role in key physiological functions (4, 7, 12, 69); in ASMC, RhoA and its downstream kinase (ROCK) enhance methacholine-induced contraction via retention of myosin light chain in a phosphorylated state, which favors contraction (40) . RhoA and ROCK have also been implicated in the Ca 2ϩ -dependent sensitization of ASMC and the development of airway hyperreactivity (76) , and Rho kinase inhibition ameliorates AHR in rodent asthma models (28, 59) .
Thus our work identifies L-HA as crucial upstream activator of RhoA and a natural and specific target for pharmacological treatment of oxidative gas-induced AHR. This effect is counterbalanced by H-HA, and, indeed, shifting the homeostatic balance toward H-HA by therapeutic application of this compound ameliorates AHR in oxidative injury like ozone and Cl 2 gas.
The preparation of H-HA (Yabro) used in this study has been shown to prevent exercise-induced bronchoconstriction in patients with asthma (58) . Several studies indicate that the relevant factor for H-HA protection is their size and not the source from which H-HA is derived (31, 36, 48) . H-HA may be reversing Cl 2 -induced AHR by a variety of mechanisms. First, H-HA may outcompete L-HA for binding in various receptors, including the CD44. Indeed, as shown by our data in Fig. 8 , tracheal rings of CD44
Ϫ/Ϫ challenged with L-HA and metha- Fig. 7 . Exposure of mice to Cl2 increases the contractility of their tracheal rings. C57BL/6 were exposed to Cl2 (400 ppm for 30 -45 min) in environmental chambers and returned to room air. Twenty-four hours later, tracheal rings were harvested and incubated in cold SmBM-2 cell culture media for 24 h and then mounted in a myograph and held at a resting tension of 5 mN (as described in METHODS). A: typical records of tracheas from tracheas of Cl2 and air-exposed mice. Notice the significantly higher tensions develop in the former in response to increasing concentrations of acetylcholine (ACh) (dose-response curves repeated 3 times in each tracheal ring). Isopr., isoproterenol. B: muscle force generated by tracheas of air and Cl2-exposed mice in response to acetylcholine (Acetyl.; 0.1 mM) and KCl (80 mM). Values are means Ϯ SE; n ϭ 4 each; *P Ͻ 0.05 compared with the corresponding value in the air group. C: isoproterenol-induced relaxation of precontracted tracheal rings (precontracted by an EC50 concentration of acetylcholine). No difference was detected in ␤-agonist relaxation of tracheal rings harvested from air-vs. Cl2-exposed animals. Values are means Ϯ SE; n ϭ 4 each. D: muscle force generated by tracheas exposed (30 min) to PBS or L-HA in response to methacholine (MCh; 0.1 mM) and KCl (100 mM). Values are means Ϯ SE; n ϭ 7 each; *P Ͻ 0.01 compared with respective exposure in PBS-treated rings. The methacholine-generated force is significantly higher than KCl-generated force for both treatments (P Ͻ 0.05) (ANOVA and Tukey-Kramer multiple-comparisons test).
choline develop a highly attenuated contraction compared with those of CD ϩ/ϩ mice. However, as demonstrated previously, the protective effects of H-HA may be due to the binding and neutralization of tissue kallikreins, which are known to cause bronchoconstriction (16, 66) . In contrast, L-HA did not inactivate kallikreins (16, 66) . In aggregate, our findings from this and previous work support a concept of homeostatic balance of high-molecular-weight HA size in healthy airways, which is acutely perturbed in favor of L-HA species in oxidative injury. This postulate allows us to form predictions about the mechanism of AHR in other types of oxidative lung injury, such as bromine lung injury, which validate our proposed model (S. Matalon, unpublished data). Thus we have ascertained that our proposed pathomechanism holds true in at least three distinct models of oxidative AHR.
The nature of reactive intermediates responsible for the fragmentation of HA is not completely understood. When inhaled, Cl 2 hydrolyzes to form hypochlorous (HOCl) acid and its conjugate base (OCl Ϫ ), which are extremely reactive but short lived. HOCl has been shown to fracture H-HA in vitro (26) , and HOCl generated by the action of activated neutrophils may contribute to the formation of L-HA in vivo. In addition, other reactive intermediates, such as chlorinated fatty acids (56) and chloramines (1, 68) known to be generated in the bronchoalveolar lavage and plasma of Cl 2 -exposed rodents, may contribute to L-HA formation. Our data show clearly that exposure of H-HA to Cl 2 gas fragments HA, leading to the formation of L-HA. Furthermore, L-HA was detected in the BALF of Cl 2 -exposed mice and its concentration increased postexposure. Similar results have been observed following ozone exposure (21), ischemia-reperfusion injury (13) , and other forms of oxidative injury. However, because of their reactivity it is unlikely that inhaled Cl 2 and HOCl or ozone is able to cause a sustained generation of L-HA.
We found a striking upregulation in both HA synthases as well as hyaluronidase expression after Cl 2 exposure, suggesting that HA turnover is substantially increased in this situation. It is also likely that sustained production of L-HA is achieved through inflammatory cell influx, particularly of neutrophils, which when activated release MPO (myeloperoxidase), which catalyzes the conversion of hydrogen peroxide and chloride to HOCl. In vitro studies have shown that exposure of HA to HOCl or HOBr results in the formation of shorter fragments, which act as free radicals, thus potentiating the initial injury (63) . Neutrophil depletion decreases the development of AHR in Cl 2 injury (52). In ozone injury only MyD88 Ϫ/Ϫ mice, but not TLR4 Ϫ/Ϫ or TIRAP Ϫ/Ϫ mice, have decreased influx of PMN in the lung, which is associated with decreased levels of L-HA (46) . Furthermore, in a positive feedback loop L-HA in turn stimulates reactive oxygen species generation by PMNs (71) and may thus maintain the inflammatory and AHR response until apoptotic PMNs are removed and cellular inflammation is resolved. Supporting the central role of oxidatively induced L-HA in lung injury and AHR, antioxidant treatment either exogenously through N-acetylcysteine (57) or via upregulation of extracellular superoxide dismutase (20) decreases L-HA in injured airways and prevents inflammation. Finally, post-Cl 2 exposure administration of antioxidants and desferal improved survival and decreased lung injury in Cl 2 -exposed mice and rats (15, 77) . In conclusion, our work both identifies the mechanism of oxidative stress-induced AHR and also offers a potential treatment that is already available for human use.
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